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Abstract 
Although the concept of concurrent engineering has been widely applied in the manufacturing industry, there is 
growing awareness and interest in the adoption of Concurrent Engineering (CE) in the Construction Industry because 
CE has the potential to make construction projects less fragmented, reduce project duration, improve project quality, 
reduce total project cost and increase project competitiveness. The integration of a variety of complicated and even 
some trivial construction processes is the key issue to improve the efficiency in the construction industry. The 
concurrent engineering plays a key role in the integration of the construction process. The construction of the 
traditional fire extinguishing piping system is generally fabricated and installed in the job site. This has the tendency 
to waste a lot of piping materials and in turn increases construction cost, time and labor and will cut down 
construction quality. 
This research, based on the concept of concurrent engineering through the use of the Delphi questionnaire analysis 
first establishes an evaluation framework for the piping installation. Issues and factors for each issue in the 
framework are determined. Then, for their practical applications, a seven determination management model (type 
determination, size determination, quantity determination, time determination, location determination, route 
determination, personnel and equipment determination) is proposed to consider these factors. Finally, the model is 
applied to verify three study cases. The obtained results indicate that 18% to 38% of the construction cost can be 
saved and 32% to 52% of the construction time reduced. 
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1. Introduction 
Fire foam piping is used to fight mainly Class B fires in places such as factories or parking lots that have 
the risk of the ignition of organic solutions. However, the traditional fire piping construction is carried out 
on site in accordance with materials, time and resource estimates of the original design at the 
pre-construction stage. It has the tendency to generate too much material waste resulting in increased 
material costs, improper staff and equipment scheduling, wasting of time and manpower, increase of site 
safety and health costs, upgrades on site management hazardous environmental factors, even reduction of 
construction quality. 
There is growing awareness and interest in the adoption of Concurrent Engineering (CE) in the 
Construction Industry because CE has the potential to make construction projects less fragmented, reduce 
project duration, improve project quality, reduce total project cost and increase project competitiveness. CE 
in construction can be applied from the conceptual state to the final construction stage. This paper addresses 
the challenge of improving the construction problems encountered for the foam fire piping installation 
within a concurrent engineering environment. 
2. Literature Review 
2.1. Concurrent engineering 
Concurrent Engineering, sometimes called Simultaneous Engineering or Integrated Product 
Development (IPD), was defined by the Institute for Defense Analysis (IDA) as a systematic approach to 
the integrated, concurrent design of products and their related processes, including manufacture and 
support. This approach is intended to cause the developers, from the outset, to consider all elements of the 
product life cycle from conception through disposal, including quality, cost, schedule, and user 
requirements (Winner et al. 1988). 
In the context of the construction industry, Evbuomwan & Anumba define Concurrent Engineering as an 
attempt to optimize the design of the project and its construction process to achieve reduced lead times, and 
improved quality and cost by the integration of design, fabrication, construction, and erection activities and 
also by maximizing concurrency and collaboration in working practices (Evbuomwan and Anumba 1998). 
This is in sharp contrast with the traditional approach. 
2.2. Foam fire extinguishing piping system 
The piping system is usually designed by the mechanical engineer based on the architectural and 
structural drawings. From the completed piping system drawings, the contractor can do scheduling and 
estimate cost, materials, labor and equipment for the system first and then install it. 
Foam systems include a foam concentrate, concentrate storage tank and piping, water supply piping and 
specialties, concentrate proportioning and mixing device, foam-water distribution piping, discharge devices, 
and controls. A fire pump may be required (AIA 2002). 
3. Purpose and Research Method 
The purpose of this research is to improve the construction problems encountered in the traditional 
foam fire extinguishing piping installation. An evaluation framework to be considered using concurrent 
engineering concept in the installation was established first using the Delphi Method. 
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3.1. Expert questionnaire 
Through brainstorming and from literature review, an initial evaluation framework was formulated with 
four major issues, including construction planning, construction process management, construction area 
management and resource management along with a total of 13 factors for the four issues (see Table 1). In 
order to validate its integrity and completeness, a copy of the expert questionnaire was constructed based on 
the evaluation framework. A total of 30 questionnaires were mailed to expert respondents of which 26 were 
returned and 26 deemed valid for use in this study. The respondents were requested to rate the degree of 
importance for each factor using the 5-point scale (1 = very unimportant, 2 = unimportant, 3 = neutral, 4 = 
important, 5 = very important). 
Table 1: Issues and factors in the evaluation framework 
Issues Factors Notes 
Construction Planning 
Piping installation area Installation area planning and zoning 
Overall appearance 
Shop drawing review. The less the identical piping types, the 
better the appearance. 
Conflict adjustment Coordination with other trades 
Fabrication process 
management 
Pipes painting Painting area planning and operation 
Cutting Plan 
Development of a cutting plan based on size and quantity 
statistics
Non-standard parts management 
Shop drawing reviews and changes to use less non-standard 
parts 
Size and quantity statistics 
Statistics of sizes and quantities of identical piping types to 
facilitate pipe cutting 
Construction area 
management 
Safety and health Orientation and tool box talk programs 
Construction sequence 
Piping installation sequence, concurrent activities 
identification and impact on other trades 
Fabrication area Fabrication process and area planning 
Resource management 
Manpower Total and daily labor requirements 
Machines and tools Overall and daily equipment requirements 
Construction schedule 
Overall progress, when to deliver materials and daily work 
output 
3.2. Questionnaire analysis 
This study set a mode value of 4 or above for a factor to be adopted. After the first round questionnaire 
survey, all the factors had a mode value of 4. However, a few factors had to be modified and added. They 
are updated as shown in Table 2. 
Based on the revised evaluation framework, the second round questionnaire was formulated and mailed 
to the first round respondents. After the second round questionnaire analysis, all the factors had a mode 
value of 4 and were accepted. Afterward the third round questionnaires with the same contents of the 
second round were sent to examine where the opinions of the respondents were converged. The standard 
deviation was used to do the convergence examination. A factor was considered converged when the 
standard deviation was less than 0.1 based on the mean values of last two rounds. The questionnaire 
convergence analysis is shown in Table 3. 
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Table 2: Updated factors 
Issues Original Factors Revised Factors Notes 
Construction area 
management 
 Construction routes Routes planning to facilitate materials 
transporting, piping fabrication process and 
installation sequence 
Resource 
management 
Manpower Manpower arrangement  
Machines & tools Equipment scheduling.  
Table 3: Expert questionnaire analysis 
Issues Factors 
Second
Round 
Third 
Round 
Second
Round 
Third 
Round Standard 
Deviation
Convergence
Mean Mean Average Average 
Construction 
planning 
Piping installation area 4 4 4.25 4.3 0.035 ˖
Overall appearance 4 4 4 4 0 ˖
Conflict adjustment 4 4 3.8 3.92 0.085 ˖
Fabrication 
process 
Management 
Pipes painting 4 4 3.75 3.75 0 ˖
Cutting plan 4 4 4 4 0 ˖
Non-standard parts management 4 4 3.64 3.6 0.028 ˖
Size and quantity statistics 4 4 4.12 4 0.085 ˖
Construction 
area
Management 
Safety and Health 4 4 4.4 4.5 0.071 ˖
Construction routes 4 4 4.25 4.25 0 ˖
Construction sequence 4 4 3.96 4.06 0.071 ˖
Fabrication area 4 4 3.64 3.72 0.057 ˖
Resource 
Management 
Manpower arrangement 4 4 4 4 0 ˖
Equipment scheduling 4 4 4.12 4 0.0853 ˖
Construction Schedule 4 4 4 4.12 0.085 ˖
3.3. Seven determination management model
In order that the 14 factors were fully considered and widely employed in the construction process, a 
seven determination management model was proposed to operate the piping installation. It includes type 
determination, size determination, quantity determination, time determination, location determination, 
route determination, as well as personnel and equipment determination. The relationship between the 14 
factors and seven determinations is shown in Figure 1. 
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Figure 1: Seven determinations related to 14 factors of the evaluation framework. 
4. Construction Project Applications 
4.1. Description of seven determination management model 
The purpose of the seven determination management model is to maximize profits, eliminate waste, 
reduce costs and strengthen execution effectiveness. Its actual operation is briefly described below. 
4.1.1. Type Determination 
Table 4: Type determination table 
Type # TYPE 1 TYPE 1-1 
Detail 
When designing the piping system, the specifications for pipes and foam heads should be as uniform 
as possible. By reviewing the construction drawings, the same types of pipes joining can be listed to 
facilitate construction management. Also, the original piping design can be reviewed in the initial 
construction planning stage to create more value added engineering. If the piping system can be grouped 
into a few standard types, the installation rate can be increased and the overall cost can be decreased. A 
typical type determination table is shown in Table 4. 
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4.1.2. Size Determination 
Size determination is to determine the sizes of various piping types so that those pipes of the same size 
can be cut together. This can prevent redoing or repetition, causing waste of materials and manpower. A 
typical size determination table is shown in Table 5. 
Table 5: Size determination table 
Diameter Length Quantity length Quantity Diameter Length Quantity Length Quantity 
1.0 
50 10 1350 3 
1.5 
50 10 1350 3 
200 1 1400 1 200 1 1400 1 
300 3 1500 148 300 3 1500 148 
4.1.3. Quantity Determination
Quantity determination is to plan the quantity of materials required and when they are required. This can 
prevent the long term occupation of work spaces, influencing personnel and equipment moving routes and 
increasing material handling cost and difficulty. A typical quantity determination table is shown in Table 
6. 
Table 6: Quantity determination table 
Pipes Planned Quantity Provided Quantity Unit 
1” Pipe 156 156 piece 
1-1/2” Pipe 75 75 piece 
2” Pipe 10 10 piece 
4.1.4. Time Determination 
Time determination is to plan when personnel, materials and equipments are required. This is to prevent 
improper arrangement of them, resulting in schedule delays. A typical time determination table is shown in 
Table 7. The time determination of the Type 1 construction sequence is shown in Figure 2. 
Table 7: Time determination table 
Description Planned Start Actual Start Planned Finish Actual Finish 
Resource planning OO/11/1 OO/11/1 OO/12/26 OO/12/26 
Materials delivery OO/12/31 OO/12/31 OO/1/03 OO/1/03 
Fabrication OO/1/3 OO/1/8 OO/1/17 OO/1/13 
Installation OO/1/5 OO/1/14 OO/1/22 OO/1/23 
Adjustment OO/1/15 OO/1/24 OO/1/16 OO/1/25 
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Figure 2: Time determination and Type 1 construction sequence diagram. 
4.1.5. Location Determination 
Location determination is to plan the required spaces for storing, cutting, threading, assembling and 
painting. This can have scheduled materials arrive the designated area to facilitate a smooth piping 
fabrication and installation. 
4.1.6. Route Determination 
Route determination is to plan the routes for materials transporting to the designated areas, piping 
fabrication process and piping installation sequence. This can improve construction productivity and 
reduce interference with other trades. A typical example of location and route determinations is illustrated 
in Figure 3. 
4.1.7. Personnel and Equipment Determination 
Personnel and equipment determination is to determine personnel and equipment requirements for the 
piping project and to manage the daily manpower and equipment needed to avoid resource conflicts. A 
typical personnel determination table is shown in Table 8 and a typical equipment determination table is 
shown in Table 9. 
T.P. Tsai et al. / Procedia Engineering 14 (2011) 1920–1928 1927
Common materials storage & 
supply
Temporary 
pipes storage
F
in
is
he
d 
pr
od
uc
ts
Pa
in
tin
g
A
ss
em
bl
in
g
U
nf
in
is
he
d
pr
od
uc
ts
T
hr
ea
di
ng
C
ut
tin
g
M
at
er
ia
ls
 
st
or
ag
e
Figure 3: Location and route determination diagram. 
Table 8: Personnel determination table 
Number Activity # of Persons Persons in Charge 
1 Cutting & Threading 2 XXXǃOOO 
2 placing 1 XXX 
3 Assembling 1 XXX 
4 painting 2 XXXǃOOO 
Table 9: Equipment determination table 
Number Machine Quantity Note 
1 Threading Machine 2  
2 Electric Drill 2  
3 Lift 2  
4 Cutting Machine 1  
4.2. Case study 
The seven determination management model had been applied to three piping installation projects. Their 
basic data is shown in Table 10. The duration and cost comparison between using the traditional 
construction approach and adopting the seven determination management model is shown in Table 11. The 
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duration and cost for each project using the traditional approach was calculated based on the traditionally 
accepted piping installation rate (required labor per meter per day) by Chen (Chen 2006). 
Table 10: Basic data of three piping projects 
Project # Project #1 Project #2 Project #3 
Project
Title 
XX Tech. Univ. Teaching & 
Research Building 
XX City Government Design 
& Build project 
XX High-rise Residential Building 
Client XX Technical Univ. XX city government XX Construction Co. 
Area 
Foam piping system for B2 
parking lot, 1500 m2 
Foam piping system for B1 
parking lot, 11000 m2 
Foam piping system for B2 parking 
lot, 5500 m2 
Table 11: Duration and cost comparison – traditional approach vs. this study 
Description 
Project #1 Project #2 Project #3 
Traditional This study Traditional This study Traditional This study 
Total laborers 107 90 164 78 47 32 
Total duration 27 18 27 13 12 7 
Total cost 266,670 219,750 410,505 252,500 117,495 80,000 
Duration saved 33ˁ 52ˁ 42ˁ
Cost saved 18ˁ 38ˁ 32ˁ
5. Conclusions
The obtained result in Table 11 shows that the construction duration can be shorten from 32% to 52% 
and the construction cost reduced from 18% to 38% when the proposed seven determination management 
model is used instead of the traditional approach. It indicates that the proposed model, which employs the 
basic concept of concurrent engineering at the planning and construction stages, can effectively improve 
the construction problems encountered in conventional foam fire extinguishing piping installation, increase 
the construction site environmental quality, improve construction efficiency, shorten construction duration 
and reduce construction cost. 
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